The purpose of this study was to investigate the effect of motor imagery on the premotor time (PMT). Twelve healthy adults performed reaction time movements in response to external visual signals at rest, when holding an object (muscle activation), or performing different background imagined movements (motor imagery). When compared to rest, muscle activation reduced the PMT; imagined finger extension of the right hand and imagined finger flexion of the left hand elongated the PMT; imagined finger flexion of the right hand had no effect on the PMT. This movement-specific effect is interpreted as the sum of the excitatory effect caused by enhanced corticospinal excitability specifically for the primary mover of the imagined movement and an overall inhibition associated with increased task complexity during motor imagery. Our results clearly demonstrate that motor imagery has movement-specific effects on the PMT.
changes. The author (Weiss, 1965) found that variations in RT because of set (preparatory interval), motivation, and age occurred predominantly in the PMT. Thus, the PMT is a reflection of the central process (cf. Hanson & Lofthus, 1978; Latash, 2000) . Furthermore, task complexity increases the central processing time (Henry & Rogers, 1960; Weiss, 1965; Christina & Rose, 1985; Ma & Trombly, 2004) .
Motor imagery usually corresponds to an active cognitive process during which the representation of a specific action is internally reproduced in working memory without any overt motor output (Decety & Grezes, 1999) . Extensive evidence in the literature shows similarity between imagined and executed movements, including involvement of neural substrates (Porro et al., 1996; Roth et al., 1996; Lotze et al., 1999) , characteristics of movements, such as autonomic reactions, kinematic constraints, temporal properties (Decety et al., 1989; Decety & Jeannerod, 1995; Sirigu et al., 1995) , and the relation to motor learning and performance enhancement (Yue & Cole, 1992; Pascual-Leone et al., 1995) .
Moreover, as an active cognitive process, motor imagery has measurable effect on the motor system and motor performance. In recent studies using transcranial magnetic stimulation (TMS) (Kasai et al., 1997; Yahagi & Kasai, 1998; Fadiga et al., 1999; Yahagi & Kasai, 1999; Facchini et al., 2002; Stinear & Byblow, 2003; Stinear & Byblow, 2004) , motor imagery usually enhances focal cortical excitability and corticospinal excitability, showing decreased motor threshold and facilitatory effects on motor-evoked potentials (MEPs) of the contralateral target muscles. These findings suggested subthreshold activation of motor pathways during motor imagery . Furthermore, similar to those in voluntary movements, excitatory corticospinal drive during imagined movements shows movement-specific effects; it can be dynamically modulated (Hashimoto & Rothwell 1999; Stinear & Byblow, 2003) , or be voluntarily suppressed (Sohn et al., 2002; Sohn et al., 2003) during imagined movements.
Both features of motor imagery, an active cognitive process and the excitatory effect on the motor system, could have effects on the PMT. In the present study, we focused on the effect of motor imagery on the premotor time, because no motor execution during motor imagery made us assume that motor imagery has no potent effects on the motor time. Conceivably, as an active cognitive process, motor imagery could increase task complexity in reaction time tasks, resulting in a prolonged PMT. On the other hand, it is known that excitability of corticospinal pathways increases about 80 ms before the EMG onset during simple reaction time tasks (Chen & Hallett, 1999) . The subthreshold activation of the target muscles during motor imagery might facilitate the motor response in these tasks. As a result, reduction in the PMT could occur. Because enhanced corticospinal excitability during motor imagery could be dynamically modulated or suppressed in a movement-specific manner, we hypothesized that motor imagery has movement-specific effects on the PMT: reduction in the PMT in the same direction of response resulting from preparatory effect of motor imagery on the motor pathways or elongation in the PMT in other directions caused by imposing extra cognitive process when performing a RT task.
Methods

Participants
Twelve individuals (five men, seven women) participated this experiment. The age of the participants was 33 ± 7.5 (mean ± SD) years. Their weight was 68.6 ± 14.5 kg, and their height was 1.68 ± 0.07 m. All the participants gave informed consent according to the procedures approved by the Institutional Review Board at Northwestern University.
Setting
Participants were seated comfortably on an adjustable chair in front of an experimental table. Both forearms were rested on the table and were symmetrical with respect to the body midline, such that the upper arms were at approximately 45° of abduction in the frontal plane and 45° of flexion in the sagittal plane, with elbow joints at approximately 135° of flexion. The left forearm and hand rested on the testing table most of the time at the same height as the right forearm. The right hand held a customized handle (consisting of two parallel plates with the thumb in contact with one and the fingers with another) or rested in a comfortable "grasping" configuration in contact with the handle. The handle weighs 3.72 N with an adjustable interval to accommodate the anatomy of individual participants.
When resting in such a configuration, the forearm and wrist were supported and participants were specifically instructed not to produce any force and to relax completely. On-line feedback of force and finger flexor EMG was used to prevent the slightest movement of fingers when resting in such a configuration. In addition, the right wrist joint was stabilized at approximately 0 0 using an aluminum wrist splint support to minimize involvement of wrist flexion during grasping.
Procedures
In a darkened room, a desktop computer was positioned on the testing table about 1.2 m in front of the participant. A light-emitting diode (LED) square (8 × 8 cm 2 ) centered on the computer screen was randomly turned "blue" until the end of trial. Each trial lasted 5 s. The onset of a visual go-signal (blue square) was preprogrammed from 1.5-3.5 s. Participants were asked to perform reaction time (RT) tasks-respond to the visual go-signal as quickly as possible by squeezing the handle with the right hand across all conditions. Before trials began, each participant was instructed to perform one of the following: (a) Rest-no imagery; (b) ImFlex-imagine grasping the handle with the right hand as hard as possible; (c) ImExt-imagine opening the right hand as hard as possible; (d) ImLeft-imagine grasping the handle with the left hand as hard as possible; and (e) Holding-actually lifting the handle (preactivation) with the right hand in the described configuration; in this condition, the wrist and forearm of the right hand was supported such that only muscles for finger flexion were activated.
Under motor imagery conditions (ImFlex, ImExt, and ImLeft), participants were specifically instructed to keep all parts of their body still and to perform required imagined movements in an isometric condition. To assist participants performing motor imagery tasks, a photo in the field of view was presented for each motor imagery condition. The photo (8 × 8 cm 2 ) of a hand (left or right) in either the grasping configuration or the opening configuration, mimicking the real grasping and opening acts, was positioned to the right of the LED square. The participant was instructed to visualize his/her hand on the computer screen and to imagine grasping or opening his/her hand while staring at the photo. For tasks at rest, a photo of a grasping hand was also presented on the screen. For ImLeft conditions, participants were asked to hold an identical handle with the left hand. To avoid the potential effect of instructions on imagined movement (Yahagi & Kasai, 1998) , we paid particular attention to instructions and the instructions given to each participant were very specific and consistent.
According to the feedback from participants in the study, both the LED square and the photo were in their field of vision; they had no difficulty performing imagined movements and responding to the go-signal during reaction time tasks. A recent TMS study showed that visual (intentional and directional) cues did not alter the corticospinal excitability (Young et al., 2000) . Hence, visual cues (the photo) in this study were not expected to influence the effect of motor imagery on reaction time.
Because of large variations in reaction time tasks (Salthouse & Hedden, 2002) , each condition had 25 trials. The interval between two consecutive trials was about 20-30 s. A 2-3 min break was given between conditions. The conditions were blocked and then the order of conditions was randomized. A few practice trials (~ 10) were allowed to familiarize participants with the motor imagery condition. An approximately equal number of practice trials were given for each condition.
Recordings
Differential surface electrodes (DelSys Inc., Boston, MA) were placed over the muscle bellies of the extrinsic finger flexors (FDS) and extensors (EDC) of both hands to obtain EMG signals. The EMG signals were amplified, high-pass filtered at 20 Hz and low-pass filtered at 450 Hz. The raw EMG signals for the prime mover and its agonist of the imagined movement were set at a high gain (25 µV per division) for on-line monitoring, for example, EMG signals from left finger flexors and extensors were presented when performing imagined finger flexion with the left hand (ImLeft). As in a previous study , on-line feedback of the EMG sensing system was used to prevent even slight movement during imagined movements. If visually detectable EMG signals occurred, the trial was discarded by the experimenter and repeated. All signals were sampled at 1,000 Hz by a 16-bit A/D board using customized LabVIEW software (National Instruments Corp., Austin, TX).
Analysis
The PMT was measured from the raw EMG signal obtained from the right FDS. To avoid the potential prolongation of the earliest EMG onset by further digital signal processing, only rectified, but unfiltered signals of raw EMG data were used to measure the premotor time. The background EMG (EMG BG ) was defined as the mean EMG calculated from -100 ms to the moment of the visual go-signal (t 0, preprogrammed). The onset of EMG signal (t EMG ) was computed as the time it took the baseline EMG to increase by 2 standard deviations (SD) (cf. . The PMT was calculated from the interval between t EMG and t 0 . The PMT was then averaged across 25 trials for each condition. The magnitude of EMG response was not measured in this experiment.
Statistics
A repeated measures one-way ANOVA was used to examine the effect of different conditions on the PMT, with factors of COND (five levels). Tukey HSD post hoc tests were used if a significant effect was revealed. Paired t-tests were used. The level of significance was chosen at 0.05.
Results
As illustrated in Figure 1 , compared to the PMT at rest, preactivation of the target muscles reduced the PMT, while motor imagery had movement-specific effects. A one-way ANOVA (COND, five levels) showed a significant effect of COND [F(4, 44) = 27.4, p < .0001]. Post hoc tests revealed that the PMT in the Holding condition (PMT Holding, 170.5 ms) was significantly smaller than that in the ImFlex condition (PMT ImFlex, 195 .1 ms) and at Rest (PMT Rest, 196 .1 ms). PMT ImFlex and PMT Rest were not significantly different from each other and both were significantly smaller than the PMT in the ImExt (PMT ImExt, 231.3 ms) and ImLeft (PMT ImLeft, 219.5 ms) conditions. PMT ImExt and PMT ImLeft were not significantly different from each other. Means of the PMT averaged across 25 trials for individual participants are presented in Table 1 . 
Discussion
Results obtained from this study clearly demonstrate that motor imagery has movement-specific effects on the PMT and muscle activation reduces the PMT. The results support our hypothesis of the movement-specific effects of motor imagery on the PMT. The facilitatory effect of muscle activation on the PMT is in contrast to a recent study, however (Castellote et al., 2004) .
Movement-Specific Effects on the PMT
As outlined earlier, motor imagery could potentially lead to reduction or elongation in the PMT. In this study, when compared to the PMT at rest, motor imagery elongates the PMT when the imposed imagined movement is not in the same direction of a RT task; otherwise, it has no significant effect. The observed elongated PMT can be explained by the fact that the imagined movement, as an active cognitive process (Decety & Grezes, 1999) , increases task complexity. Analogous to a choice RT paradigm, a background imagined movement leads to an elongated PMT-an inhibitory effect. In the context of increased task complexity for a reaction time task during motor imagery, the observed unchanged PMT could be viewed as a facilitatory effect.
During motor imagery, numerous studies using TMS (Yahagi & Kasai, 1998; Facchini et al., 2002; Stinear & Byblow, 2004) have demonstrated an increased corticospinal excitability in a movement-specific manner during motor imagery. In particular, the increased excitability is specifically related to the primary mover of the imagined movement. Facchini et al. (2002) showed no facilitatory effect on the MEP in the first dorsal interosseus during motor imagery of thumb abduction on the same side. Furthermore, the MEP magnitudes varied during different imagined movements utilizing the same index finger (Yahagi & Kasai, 1998) .
Both inhibitory and facilitatory effects on the PMT, seemingly contradictory, are rooted in the concomitant neurophysiological changes during motor imagery. During motor imagery tasks such as ImExt and ImLeft, the primary mover is the finger extensors of the right hand (ImExt) or the finger flexors of the left hand (ImLeft). Corticospinal excitability for the finger flexors of the right hand is not changed or might even be suppressed as a result of reciprocal inhibition in ImExt tasks. In these tasks, the imagery-induced increase in corticospinal excitability is not beneficial to the primary mover of the act-squeezing the handle as quickly as possible with the right hand. Hence, motor imagery only increases task complexity, leading to an inhibitory effect. In contrast, as the primary mover of the imagined movement, corticospinal excitability for the finger flexors of the right hand is specifically enhanced in ImFlex tasks. It is known that corticospinal excitability increases from about 80 ms before EMG onset for simple reaction time movements (Chen & Hallett, 1999) . Enhanced corticospinal excitability for the primary mover in ImFlex tasks could facilitate the motor response. This facilitatory effect might be balanced, however, by the increased task complexity, leading to unchanged central process time (PMT).
Muscle Activation Reduces the PMT
Reduction in the PMT during muscle activation of prime movers could be related to preparation of motor executing pathways for a quick motor response. Our observation, however, is in contrast to a recent study (Castellote et al., 2004) , in which no statistically significant difference in the PMT was found between complete relaxation and cocontraction of wrist muscles.
The discrepancy might lie in the following factors. First, different instructions-participants were asked to make a response as fast as possible in our study, while participants were instructed to perform a wrist flexion to stop at a marked target during a wrist extension response. There could exist a speed-accuracy tradeoff in Castellote et al.'s study. Second, different activations and reactions-participants were asked to hold the handle in our study, then to squeeze as quickly as possible for a RT response, thus, participants only need to increase the level of muscle activation; however, participants need to change the pattern of muscle activation, from cocontraction of wrist muscles to wrist extension.
Conclusion
In summary, our results clearly demonstrate that motor imagery has movementspecific effects on the premotor time, and that muscle activation reduces the premotor time. The movement-specific effect is interpreted as the sum of the excitatory effect resulting from enhanced corticospinal excitability specifically for the primary mover of the imagined movement and an overall inhibition associated with increased task complexity during motor imagery.
